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PXPEDITED REVIEWS
pex-to-Base Dispersion in Regional Timing
f Left Ventricular Shortening and Lengthening
artho P. Sengupta, MBBS, MD, DM, Bijoy K. Khandheria, MD, FACC, Josef Korinek, MD,
ianwen Wang, MD, PHD, Arshad Jahangir, MD, James B. Seward, MD, FACC,
arek Belohlavek, MD, PHD, FACC
ochester, Minnesota
OBJECTIVES We investigated whether the onset and progression of regional left ventricular (LV)
shortening and lengthening parallel the apex-to-base differences in depolarization and
repolarization.
BACKGROUND Limited information exists regarding apex-to-base differences in longitudinal and circumfer-
ential deformation sequence of the LV.
METHODS The apex-to-base differences in electric activation and the progression of longitudinal and
circumferential shortening and lengthening sequences were determined in 8 porcine beating
hearts in situ by implanting bipolar electrodes and an array of 14 sonomicrometry crystals in
the LV free wall.
RESULTS Electric activation started at the apical subendocardium and showed significant delay in
reaching the LV base. The onsets of mechanical activation and subsequent 20%, 40%, and
80% peak longitudinal shortenings required longer time to occur at base compared to the
apex. The repolarization sequence propagated in reverse, with the base repolarizing before the
apex. Subendocardial longitudinal shortening at base and subepicardial circumferential
shortening at apex continued beyond the period of LV ejection, resulting in an apex-to-base
gradient in the onset of lengthening. This gradient correlated with the duration of isovolumic
relaxation (r  0.85, p  0.004) and the time required for reaching the lowest LV diastolic
pressure (r  0.70, p  0.04).
CONCLUSIONS Apex-to-base delay in mechanical shortening of LV parallels the apex-to-base direction of the
electric activation sequence. Basal subendocardial and apical subepicardial regions deform
through a characteristic phase of postsystolic shortening. Short-lived apex-to-base and
subendocardial-to-subepicardial relaxation gradients at the onset of diastole may have a
physiologic significance in facilitating active restoration of the LV cavity in diastole. (J Am
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.08.073Coll Cardiol 2006;47:163–72) © 2006 by the American College of Cardiology Foundation
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(he mechanical activation sequence of the left ventricle
LV) is an important determinant of global LV systolic and
iastolic performance and evolves from a close anatomic
elationship between the electric and mechanical framework
f the myocardial wall. The fascicles of the His-Purkinje
See page 173
ystem are insulated from the surrounding muscle during
heir course from the crest of the septum toward the
entricular apex (1). This insulation breaks down within the
eripheral networks of Purkinje fibers, enabling direct
lectromechanical coupling at Purkinje-myocyte junctions.
he onset of cardiac muscle electric activation begins on the
eft side of the apical septum in adult mammalian hearts (2)
nd subsequently spreads from subendocardium to subepi-
ardium and from the apex toward the base (3–5). Mechan-
cal activation of the subendocardium precedes that of the
From the Division of Cardiovascular Diseases, Mayo Clinic College of Medicine,
ochester, Minnesota. This work was supported by grants HL 70363 and HL68555
rom the National Institutes of Health.e
Manuscript received April 28, 2005; revised manuscript received August 16, 2005,
ccepted August 22, 2005.ubepicardium (6). Whether the mechanical events also
arallel the apex-to-base direction of electric activation
emains unclear. Previous experimental studies suggested
hat a contraction wave travels longitudinally on the LV
picardial surface from the apex toward the base (7–9).
hether a similar sequence of shortening exists in the
ubendocardial region also remains unknown. Some other
nvestigators have speculated a reverse sequence in which
he LV initially contracts circumferentially at the base
uring isovolumic contraction and then shortens progres-
ively from the base toward the apex, causing longitudinal
hortening during ejection (10,11). The basal region of the
V is known to repolarize before the apical region (3).
hether the apex-to-base differences in repolarization also
roduce apex-to-base variations in the onset of LV length-
ning sequences remains uninvestigated.
For relating the electrophysiologic sequences with the
inematics of regional LV deformation, a high-temporal-
esolution technique such as sonomicrometry is required
ecause shortening and lengthening sequences originate
apidly during the isovolumic periods of the cardiac cycle
12). The utility of high-resolution (4 ms) sonomicrom-
try in understanding transient time-related changes in
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Timing of LV Deformation January 3, 2006:163–72ardiac geometry in vivo has been highlighted in recent
nvestigations (12–14). The purpose of this study was to: 1)
larify the apex-versus-base variations in depolarization and
epolarization sequences and in the onset and progression of
hortening and lengthening, and 2) link these electrophysi-
logic and mechanical sequences by their selective analysis
ithin the subendocardial and subepicardial regions of LV
nterior wall.
ETHODS
ight pigs weighing 30 to 60 kg were anesthetized with an
nfusion of ketamine, fentanyl, and etomidate. After mid-
ine sternotomy, a pericardial cradle was constructed and the
nimals were fully anticoagulated (activated clot times240
) with repeated bolus injections of heparin. Three
anometer-tipped catheters (Millar Instruments Inc.,
ouston, Texas) were placed into the LV, aorta, and left
trium. All animals received humane care in accordance
ith the Principles of Laboratory Animal Care formulated
y the Animal Welfare Act in the Guide for Care and Use
f Laboratory Animals prepared by the Institute of Labo-
atory Animal Resources and published by the National
nstitutes of Health (NIH publication #85-23, revised
996). The protocol used in this investigation was reviewed
nd approved by the Institutional Animal Care and Use
igure 1. Arrangement of 14 sonomicrometry crystals in the left ventric-
lar (LV) free wall. The black and gray circles indicate the location of
ubepicardial and subendocardial crystals and the black lines indicate the
Abbreviations and Acronyms
ECG  electrocardiogram
IVR  isovolumic relaxation
LV  left ventricle/ventricular
PSS  postsystolic shorteningair of crystals used for measuring longitudinal and circumferential
eformations. LMCA  left main coronary artery; RV  right ventricle.
t
sommittee of the Mayo Clinic College of Medicine,
ochester, Minnesota.
onomicrometry. Sonomicrometry has been established as
he reference method for direct measurement of instanta-
eous distance between any two miniature (2 mm in
iameter) ultrasound crystals implanted within myocardium
12–14). A total of 14 ultrasonic crystals (Sonometrics
orp., London, Ontario, Canada) were placed in the
nterior free wall of the LV (Fig. 1). The LV anterior wall
as divided into three functional segments—apex, mid, and
ase—and crystals were placed in the subendocardial and
ubepicardial regions of each segment along longitudinal
nd circumferential directions. The longitudinal direction
as defined as a line joining the apex and the bifurcation of
he left main coronary artery. Crystals implanted orthogo-
ally to the long axis defined the circumferential direction of
ach segment. The epicardial crystals were secured with 4-0
olypropylene sutures. For placing the subendocardial crys-
igure 2. Bipolar electrograms obtained from apical and basal segments of
he left ventricular free wall. Vertical dotted lines mark the time points of
teepest portion of initial bipolar QRS waveforms and end of T-wave. Note
he apex-to-base direction of depolarization. The direction is reversed (base
able 1. Hemodynamic Parameters
emodynamic Variables Baseline Values
eart rate (beats/min) 67  7
-R interval (ms) 901  90
sovolumic contraction (ms) 66  15
jection period (ms) 347  16
sovolumic relaxation (ms) 64  15
-to-lowest LV pressure (ms) 497  56
ortic systolic pressure (mm Hg) 104  7
ortic diastolic pressure (mm Hg) 56  7
V  left ventricle.o apex) during repolarization in both subendocardium (arrow 1) and
ubepicardium (arrow 2). ECG  electrocardiogram.
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January 3, 2006:163–72 Timing of LV Deformationals, the end-diastolic thickness of the myocardium was
easured at the site of implantation using a 13-MHz
igh-resolution linear array transducer (GE Healthcare,
orten, Norway). The epicardial surface was punctured
sing a needle; the crystals were inserted in the subendo-
ardial region at a desired location using a plastic introducer
ith a depth marker to assure an appropriate implantation.
For timing the differences in depolarization of the apical
nd basal regions of the LV, bipolar electric signals were
ecorded from 4 of the 15 implanted crystals, which had
pecial bifilament stainless-steel electrodes sealed on their
ides (Sonometrics Corp.). Two of these electrodes were
ocated in crystals placed in the apical and basal segments of
he subepicardium while the other two were positioned in
he corresponding subendocardial region.
hases of the cardiac cycle. Each phase of the cardiac
ycle was defined from aortic and LV pressure curves. The
sovolumic contraction period was defined from the Q-wave
f the surface electrocardiogram (ECG) to the beginning of
jection indicated by the crossing point of LV and aortic
igure 3. Distribution of bipolar electrical activation (A and B) and repola
SD. Endo and Epi  subendocardium and subepicardium, respective
espectively, for apex-endo vs. apex-epi and base-endo vs. base-epi electric aressure curves. The dicrotic notch in the aortic pressure *urve defined the end-ejection time point. Isovolumic re-
axation (IVR) was defined as the interval between the
icrotic notch and the crossover point of the LV and left
trial pressure curves in diastole.
ata analysis. The temporal changes in sonomicrometry
istances (250 to 300 measurements/s) along with the LV,
ortic, left atrial, and surface ECG data were recorded
imultaneously and imported into a Microsoft Excel file.
n (C and D) intervals measured from eight pigs. Data are shown as mean
pex versus base; †Endocardium versus epicardium (p  0.01 and 0.04,
on intervals; p 0.003 for apex-endo vs. apex-epi repolarization intervals).
able 2. Peak Circumferential and Longitudinal Strains in
ubendocardial and Subepicardial Region of Left Ventricular
nterior Wall
Subendocardium Subepicardium p Value
ircumferential
Apex 39.2  16.2* 10.2  5.4† 0.001
Mid 24.8  4.7* 10.4  2.7† 0.001
Base 16.1  7.4* 9.1  3.1† 0.02
ongitudinal
Apex 15.9  8.5 6.1  2.4 0.02
Mid 11.3  5.4 6.0  3.3 0.04
Base 9.1  4.6 4.6  2.7 0.005rizatiop  0.001 vs. longitudinal; †p  0.01 vs. longitudinal.
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Timing of LV Deformation January 3, 2006:163–72echanical activation time was defined on surface ECG as
he time required from the onset of Q-wave to reach 10% of
he maximum fiber shortening (6). The time required for
ubsequent 20%, 40%, and 80% peak shortening and the
ime interval from the dicrotic notch on the aortic pressure
racing to the onset and 20% of lengthening in early diastole
ere calculated for each pair of sonomicrometry crystal data.
e did not choose to compare systolic shortening until the
nd of shortening (100%) because peak shortening in some
egments flattened during peak ejection. The shortening-
engthening crossover point, however, could be accurately
easured and indicated the onset of regional lengthening
15).
Electric signals from the bipolar electrodes were digitized
y an analog-to-digital converter (Sonometrics Corp.). The
lectric activation interval was defined as the time from the
arliest QRS deflection seen on surface ECG lead to the
rst peak of the derivative of QRS in the regional bipolar
igure 4. Distribution of time intervals for reaching 10%, 20%, 40%, an
ubendocardium (A and B) and subepicardium (C and D). Data are shown
.01, 0.02, and 0.06, respectively for 10% to 80% shortening time intervals
hortening time intervals in panel C); †mid versus base (p  0.008, 0.02, 0
; and 0.006, 0.0004, and 0.0004, respectively, for 10% to 40% shortening
ime interval in panel C).eflection. The repolarization time was defined as the time crom the earliest QRS deflection on surface ECG and the
teepest terminal phase of the T-wave of the bipolar
lectrocardiogram (16). A strong correlation exists between
he activation-recovery intervals measured from the first-
rder derivatives of QRS and T waves on the bipolar
lectrograms and the refractory periods and transmembrane
ction potential durations measured directly in cardiac
issues (17,18).
tatistical analysis. All data are expressed as mean 
D. After the data were assessed for possible outliers, the
ubendocardial and subepicardial electric activation and
eformations were compared among the three locations
sing repeated-measures analysis of variance. If a statis-
ically significant result was obtained, then individual
ocations were compared by a two-tailed paired t test.
inear regression was used for comparing deformation
ariables obtained by sonomicrometry with intracardiac
ressure tracings obtained simultaneously with Millar
of peak longitudinal and circumferential shortening in left ventricular
ean  SD. A  apex; B  base; M  mid. *Apex versus base (p  0.004,
nel A; and 0.002, 0.0001, 0.001, and 0.005, respectively, for 10% to 80%
nd 0.005, respectively, for 10% to 80% shortening time intervals in panel
intervals in panel C); ‡apex versus mid (p  0.0001 for 80% shorteningd 80%
as m
in pa
.01, aatheters and expressed with their correlation coefficient
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January 3, 2006:163–72 Timing of LV Deformationr) and p value. A value of p  0.05 was considered
tatistically significant.
ESULTS
ll eight pigs were in normal sinus rhythm with normal
emodynamic parameters at the completion of sonomi-
rometry crystal placement (Table 1).
ipolar electric recordings. The earliest electric activation
ccurred in the apical subendocardial region (Fig. 2).
ctivation of apical subepicardium showed a significant
elay compared to the subendocardial region. For both
ayers of the LV wall, depolarization occurred earlier in the
pical segment compared to the base, and the basal subepi-
ardial region was last to depolarize (Figs. 3A and 3B). The
epolarization time intervals also showed significant regional
eterogeneity (Figs. 3C and 3D). No significant differences
igure 5. Distribution of time intervals for the onset and 20% longitudina
nd subepicardium (C and D). Data are shown as mean  SD. A  apex;
or onsets and 20% lengthening time intervals in panel A and 0.0004 and
mid versus base (p 0.0005 and 0.01, respectively, for the onsets and 20%
espectively, for onset and 20% lengthening time intervals in panel D).ere seen in timing of repolarization of the basal subendo-ardial and subepicardial region. Compared to the base,
epolarization of the apex was significantly delayed for both
ubendocardial and subepicardial regions. The longest time
or repolarization was seen in the apical subepicardial
egion.
ongitudinal and circumferential shortening. Strains re-
orded from the endocardium were higher than the corre-
ponding subepicardial region for their absolute values (Table
). The time intervals required for 10%, 20%, 40%, and 80%
hortening of subendocardial longitudinal segments were sig-
ificantly shorter in the apical and mid segment compared to
he base (Fig. 4). Compared to longitudinal shortening, the
nset of circumferential shortening was significantly delayed in
he apical subendocardial region (47 15 ms vs. 77 34 ms,
 0.05). However, the apex-to-base time periods for onset,
0%, 40%, and 80% circumferential subendocardial shortening
ere not significantly different.
circumferential lengthening of left ventricular subendocardium (A and B)
base; M  mid. *Apex versus base (p  0.002 and 0.0001, respectively,
, respectively, for onsets and 20% lengthening time intervals in panel D);
hening time intervals in panel A); ‡apex versus mid (p 0.006 and 0.001,l and
B 
0.008For the subepicardium, 10%, 20%, 40%, and 80% longi-
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Timing of LV Deformation January 3, 2006:163–72udinal subepicardial shortening occurred at significantly
horter time intervals at the apex compared to the basal
egment (Fig. 4). The mid segment showed intermediate
eatures. The initial 10%, 20%, and 40% longitudinal
hortening of the mid segment occurred significantly earlier
han the base, whereas 80% shortening occurred at time
ntervals similar to that of the base. The apex-to-base time
ntervals for the 10%, 20%, 40%, and 80% circumferential
ubepicardial shortening were not significantly different.
ongitudinal and circumferential lengthening. The on-
et of longitudinal lengthening and subsequent time to
each 20% longitudinal lengthening occurred earlier in the
pical subendocardial region and showed a significant delay
n the basal subendocardial region (Figs. 5 and 6). The
egmental time intervals for onset and initial 20% subendo-
ardial lengthening were similar in the circumferential
irection. Relaxation in the subepicardium showed a reverse
attern (Figs. 5 and 7). The circumferential direction
howed a base-to-apex gradient at onset and in the initial
0% epicardial lengthening. The time of onset of circum-
erential lengthening was longest in the apical subepicardial
egion and was delayed beyond aortic valve closure into IVR
nd the brief initial period of early diastolic filling (Fig. 8).
he proportion of the diastolic period during which post-
ystolic circumferential contraction persisted in the subepi-
ardium correlated with the time required for reaching the
igure 6. Example of the apex-to-base longitudinal deformation sequenc
engthening (arrows) occurs earlier in the apical segment and is delayed in t
ontraction; 2  ejection; 3  isovolumic relaxation; 4  early diastole; 5owest LV pressure in diastole (Fig. 9). Similar correlations tere not seen for postsystolic longitudinal shortening (PSS)
f the basal subendocardial region. The apex-to-base delay
n the onset of subepicardial circumferential lengthening
orrelated with the duration of IVR and the time required
or reaching the lowest LV diastolic pressure (Fig. 9).
ISCUSSION
he present study elucidates the shortening and lengthen-
ng sequence of the subendocardial and subepicardial re-
ions of the LV anterior wall in systole and diastole, which
arallel the apex-to-base and base-to-apex directions of
epolarization and repolarization, respectively. Specifically,
e demonstrate that the subepicardial region of the LV apex
s last to repolarize and shows circumferential shortening
hat continues beyond the period of aortic valve closure, that
s, persisting into the IVR and an initial portion of early
iastole. Figure 10 integrates the subendocardial and sub-
picardial differences in timing of contraction and relaxation
equences with previous available knowledge about cardiac
uscle geometry and the twisting motion of the LV
bserved in the surgically opened chest (19–22).
lectric sequence. The apex-to-base sequence of depolar-
zation and base-to-apex sequence of repolarization de-
cribed in our study are consistent with earlier observations
n mammalian hearts (1,3–5). The presence of a repolariza-
he subendocardial region of the left ventricular (LV) free wall. Onset of
sal segments into the phase of isovolumic relaxation. Phase 1 isovolumic
te diastole. Ao  aorta; ECG  electrocardiogram. LA  left atrium.e of tion gradient between the “epicardium” and the “mid-
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January 3, 2006:163–72 Timing of LV Deformationyocardial region” (M-cells) has been proposed to play a
ole in the genesis of upright T waves on surface ECG (23).
he transmural sequence of repolarization, however, varies
n different animal species. Although a repolarization gra-
ient has been described between the subepicardium and
ubendocardium in mice (3), both regions repolarize at
early similar time intervals in canine hearts (23). Trans-
ural differences in repolarization of basal regions of LV are
ot seen using bipolar electrodes in beating canine hearts in
itu (16). Thus, our findings regarding the bipolar record-
ngs from the basal region of the LV are consistent with
revious observations. The repolarization intervals recorded
rom the subepicardial region for the LV apex, however, are
ignificantly longer than those of the corresponding suben-
ocardial region. This new finding suggests that the process
f repolarization in a beating heart may have further
ransmural heterogeneity in different regions of the LV.
lectromechanical coupling. Following electric activa-
ion, the time of onset of cardiac mechanical activity varies
or different regions of LV (8) and also transmurally for a
iven region of LV (24). The heterogeneity in the process of
lectromechanical coupling has been recently shown to
xceed the differences in duration of action potential of
ifferent layers of myocardial wall (24). A “well-organized”
igure 7. Example of the apex-to-base circumferential deformation seque
engthening (arrows) occurs earlier in the basal segment and is delayed in
iastolic period. Phases 1 to 5 are described in Figure 6.eterogeneity in electromechanical coupling is thus a char- wcteristic feature and may be a prerequisite for normal
erformance of the cardiac muscle (25). Our observations
uggest that this electromechanical heterogeneity is more
vident at the onset of diastole. Because cardiac muscle
engthening is regulated by Ca2 reuptake and extrusion,
eterogeneity in calcium homeostasis and intrinsic differ-
nces in calcium handling proteins, myosin isoforms and
istribution of T-tubules may explain the marked hetero-
eneity in onset of LV relaxation seen at different regions of
V wall (24–27).
arly diastolic relaxation. In an embryonic trabeculated
eart, ventricular filling occurs predominantly in late diastole,
rimarily because of atrial contraction, and shifts into early
iastole after the addition of compacted outer subepicardial
ayers of myocardial wall (28). A mutant mouse model with
nderdeveloped outer compact layers of myocardium shows
iastolic dysfunction with diminished sucking pressure and
educed force development during ejection (28). Thus, matu-
ation and contributions from different layers of myocardial
all improve diastolic performance of the heart. However, the
undamental interactions between different layers of the myo-
ardial wall remain inadequately characterized. Ashikaga et al.
29) used cineangiographic analysis of implanted transmural
arkers in the LV wall and reported that the onset of diastole
f the subepicardial region of the left ventricular (LV) free wall. Onset of
apical segments beyond the phase of isovolumic relaxation into the earlynce oas characterized by a significant stretch alongmyofibers in the
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Timing of LV Deformation January 3, 2006:163–72picardial layers, whereas the endocardial layers sheared and
howed sheet shortening. These observations agree with our
ndings in the basal LV segments, where we observed early
elaxation of the subepicardium in the circumferential direction
nd shortening of the subendocardium in the longitudinal
irection. However, these observations cannot be generalized
or the entire length of the LV wall because deformation of the
pex proceeds along a reverse sequence, with relaxation of the
ubendocardium preceding that of the subepicardium.
SS. The occurrence of PSS in healthy subjects was reported
y Voigt et al. (30). The role of PSS as a normal physiologic
vent is further clarified in this investigation. The PSS of the
pical subepicardium and basal subendocardium results in the
evelopment of an apex-to-base and subendocardial-to-
ubepicardial gradient of relaxation that probably facilitates
apid expansion of the LV cavity near the apex causing a rapid
ecrease of LV pressure during IVR. Further shortening of the
pical subepicardial fibers is seen during the early diastolic
eriod of LV filling and correlates with the time required by
he LV in reaching the lowest diastolic pressure. We speculate
hat this prolonged mechanical activity of the apical subepicar-
ium represents an active component of LV relaxation that
romotes suction in early diastole. The PSS of the apical
ubepicardium can be considered active because the time
igure 8. Comparison of circumferential post-systolic shortening (PSS
epolarization wave in epicardial bipolar tracing (arrow) extends well
lectrocardiogram. The right panel shows linear regression analysis and co
ontraction (Tpeak, X-axis) in the eight pigs and the diastole time period re
-axis). Values on both axes are expressed as percentage of the entire dia
lectromyogram; LA  left atrial; MVO  mitral valve opening; Tpeak equired for repolarization is prolonged in the apical subepi- sardium. The reason for longitudinal PSS of the basal suben-
ocardium, however, remains unclear and may reflect a heter-
geneity in the process of electromechanical coupling because
delay in the onset of relaxation here does not match the
epolarization sequence.
linical implications. Meta-analyses of earlier studies
uggest that 40% to 50% of patients with heart failure
yndrome have diastolic dysfunction, with current estimates
anging up to 74% (31). Our findings highlight that
iastolic restoration of the LV is not passive recoil, but
nvolves synergistic utilization of active shortening-
engthening sequences for facilitating expansion of LV
avity near the apex. Loss of active mechanical coordination
ould contribute to the severity of diastolic dysfunction. For
xample, the specific role of the LV apex during isovolumic
elaxation could explain why diastolic function is impaired
arkedly after sacrificing the LV apex in a volume reduction
urgery, but not during an apex-sparing surgery (14). An-
ther clinical situation that supports the important role of
he LV apex in diastolic function is the clinical condition
alled transient LV apical ballooning syndrome (32). Pa-
ients with this recently recognized condition develop tran-
ient dysfunction of the LV apex, and 3% to 46% of patients
evelop pulmonary edema or severe left-sided heart failure;
the apical subepicardium with hemodynamic pressure tracings. The
nd the aortic valve closure and beyond the T-wave on the surface
ion between the period of diastole occupied by post-systolic subepicardial
d for reaching minimum left ventricular (LV) diastolic pressures (TLVmin,
relaxation period. Ao  aortic; AVO  aortic valve opening; EMG 
to peak strain; TVLVmin  time-to-minimum LV pressure.) in
beyo
rrelat
quireome even require an aortic balloon counterpulsation (32).
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January 3, 2006:163–72 Timing of LV Deformationhese clinical features, however, revert with restoration of
ormal LV apex function.
ethodologic considerations and limitations. Despite
he open-chest and -pericardium model being a nonphysi-
logic condition, the observed apex-to-base sequences of de-
ormation were consistent among all animals. We measured
he apex-to-base differences in regional shortening and length-
ning in the anterior free wall of the LV. Regional differences
rom other walls were not addressed in this study. Similarly,
emporal differences in rotational motion of the LV (33) were
ot within the focus of the study and would require further
nvestigations.
ONCLUSIONS
uring a cardiac cycle, the longitudinal shortening of
ubendocardial and subepicardial regions of the LV dem-
nstrates apex-to-base temporal gradients that parallel
pex-to-base differences in LV depolarization. Repolariza-
ion proceeds in a reversed sequence, with the apical
ubepicardium being last to repolarize. The corresponding
ubepicardial region shows persisting circumferential short-
ning beyond the period of aortic valve closure into IVR and
he brief initial portion of early diastole. Short-lived apical-
o-basal and subendocardial-to-subepicardial relaxation gra-
igure 9. Linear regression analysis and correlation of the apex-to-base
ifference in the onset of circumferential lengthening (X-axis) with the
sovolumic relaxation (IVR) duration (Y-axis, A) and the time interval
equired for reaching minimum left ventricular (TLVmin) diastolic pressures
Y-axis, B).ients at the onset of diastole may have a physiologic aigure 10. Integrated overview of the left ventricular mechanical sequence
uring a cardiac cycle. Electric and mechanical activation are initiated in
he apical subendocardial region. The subendocardial myofibers (right-
anded helix) shorten, producing a brief twist along the right-handed helix
irection during the isovolumic contraction period (phase 1) (33). During
jection (phase 2), the subendocardial and subepicardial layers shorten
equentially from the apex toward the base. The direction of apical twist is
long the left-handed helix direction owing to dominating intrinsic twist
mparting features of subepicardial myocytes (21), while the basal region
orques briefly along the right-handed helical direction. Shortening of the
ubepicardium near the apex and the subendocardium near the base
ontinues beyond aortic valve closure during the isovolumic relaxation
phase 3). This is accompanied with untwisting of the relaxed subendo-
ardial layer with lengthening and enlargement of the left ventricular (LV)
avity at the apex. Shortening of the subepicardium near the apex continues
riefly beyond the isovolumic relaxation period and is accompanied with
urther opening of the left ventricular cavity during early diastole (phase 4).
he subsequent period of diastole is characterized by relaxation in both
ayers. The relaxation is further facilitated in the later phase of diastole by
trial contraction (phase 5). Phases 1 to 5 are described in Figure 6.
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